ABSTRACT. Tick-borne diseases are often encountered in canine clinical practice. In the present study, a molecular epidemiological survey of dogs in Japan was conducted to understand the prevalence and geographical distribution of Babesia spp., Hepatozoon spp., Ehrlichia spp. and Anaplasma spp. Pathogen-derived DNA in blood samples obtained from 722 dogs with a history of exposure to ticks and/or fleas was examined by PCR. The prevalence of Babesia gibsoni, Babesia odocoilei-like species, Hepatozoon canis and Ehrlichia spp./Anaplasma spp. was 2.4% (16/722), 0.1% (1/722), 2.5% (18/722) and 1.5% (11/722), respectively. While B. gibsoni and Ehrlichia spp./Anaplasma spp. were detected in the western part of Japan, H. canis was detected in Tohoku area in addition to western and central parts of Japan.
Tick-borne diseases including babesiosis, hepatozoonosis, ehrlichiosis and anaplasmosis are important infectious diseases in canine practice. These pathogens infect blood cells and cause systemic clinical symptoms and severe, sometimes life-threatening, hematopoietic diseases like anemia and thrombocytopenia [6, 13] . In Japan, various tick-borne pathogens, such as Babesia gibsoni, Hepatozoon canis and Anaplasma bovis, were detected in dogs, and previous studies showed the prevalence of tick-borne pathogens and their geographical distribution [4, 12, 14, 16] . However, there are limited data regarding the prevalence of tick-borne pathogens and their geographical distribution in Japan [4, 14] . In addition, the geographical distributions of vector-borne pathogens are likely to change with progressive urban development and human activities. In the present study, a molecular survey of Babesia spp., Hepatozoon spp., Ehrlichia spp. and Anaplasma spp. in dogs presenting to animal hospitals throughout almost entire Japan was conducted.
EDTA-anticoagulated blood samples were collected from dogs that had a history of and/or current infestation with ticks and/or fleas. These dogs presented to animal hospitals located in 42 prefectures in Japan between March 2012 and October 2013. Fighting dogs were excluded from the study population. The collected blood samples were preserved at −80°C until further analysis.
DNA was extracted from 200 µl of each blood sample using QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany) with a final elution volume of 200 µl. Nested PCR was performed to amplify the 18S rRNA gene derived from Babesia spp. and/or Hepatozoon spp. as an initial screening [2, 3, 20] . For the first round PCR, two oligonucleotides, PIRO-F (5′-AGT CAT ATG CTT GTC TTA-3′) and PIRO-R (5′-CCA TCA TTC CAA TTA CAA-3′) were constructed. For the second PCR, BabgenF (5′-GAA ACT GCG AAT GGC TCA TTA-3′) and BabgenR (5′-CGG TAG GCC AAT ACC CTA CCG TC-3′) were used. Babesia spp. and Hepatozoon spp. could be differentiated based on the size of amplified DNA fragments (Babesia spp.: 230 base pairs [bp]; Hepatozoon spp.: 267 bp). If the samples were positive for Babesia in the screening PCR, they were then subjected to semi-nested PCR to amplify a longer region of the 18S rRNA gene [20] . Product length of the semi-nested PCR was approximately 900 bp. Primers Bab F3 (5′-ATG TCT AAG TAC AAG CTT TTT ACG GT-3′) and HEP2P (5′-GAC TTC TCC TTC TTT AAG TGA TAA G-3′) were used for the first round PCR. Bab F3 and BabR3 (5′-AAA GGC GAC GAC CTC CAA TCC CTA GT-3′) were used for the second round PCRs, respectively. An initial screening PCR for Ehrlichia spp. and Anaplasma spp. was conducted based on the nested PCR strategy reported by Sakamoto et al. [16] . In the first round PCR, the primers fD1 (5′-AGA GTT TGA TCC TGG CTC AG-3′) and Rp2 (5′-ACG GCT ACC TTG TTA CGA CTT-3′) were used. In the second round PCR, primers EHR16SD (5′-GGT ACC TAC AGA AGA AGT CC-3′) and EHR16SR (5′-TAG CAC TCA TCG TTT ACA GC-3′) were used. The length of the nested PCR was approximately 340 bp. To determine the nearly complete sequences of the 16S rRNA genes, the 5′ and 3′ regions were separately amplified as described by Inokuma et al. [10] . Primers fD1 and EHR16SR were used to amplify the 5′ region, and primers EHR16SD and Rp2 were used to amplify the 3′ region.
The nucleotide sequences of amplified DNA fragments were inserted into a pCR2.1 plasmid vector (Invitrogen, Carlsbad, CA, U.S.A.), and the nucleotide sequence of the inserted DNA fragments was determined by the dideoxy chain termination method (ABI Prism BigDye Primer Cycle Sequencing Ready Reaction Kit, Applied Biosystems, Foster City, CA, U.S.A.). Nucleotide sequence data from each sample were subjected to Basic Local Alignment Search Tool (BLAST) analysis in the DNA data bank of Japan [1] (DDBJ, http://www.ddbj.nig.ac.jp/Welcome-j.html) to find closely-related species of pathogens. The similarities were also calculated by GENETYX Ver. 10.0.3 software (GENETYX Corp., Tokyo, Japan). Phylogenetic analyses were performed for Babesia spp. to determine the genetic relationship among those pathogens by a neighbor-joining method in the DNADIST program from the PHYLIP software package (http://evolution.genetics.washington.edu/ phylip.html), as previously described [5] .
A total of 722 dogs from different prefectures as indicated in Fig. 1 fulfilled the inclusion criteria and were included in this study. Babesia-derived DNA was detected in 17/722 samples in the screening PCR. These blood samples were then analyzed by additional PCR to obtain the longer part of nucleotide sequence, and successful amplifications were obtained from all of 17 samples. A representative clone was obtained from each case and then subjected to phylogenetic analysis. The phylogenetic analysis revealed that 16 samples (LC012792 and LC012795-LC012809) formed a cluster with B. gibsoni, and the remaining sample (LC012791) was grouped with B. odocoilei-like species detected in ticks in Japan (Fig. 2 ) [11] . The nucleotide sequence of B. odocoileilike species isolated in this study (LC012791) showed 99.5% identity to those previously isolated from ticks in Akita and Fukui Prefectures (AY190123 and AY190124) [11] . (Fig. 1) . On the screening PCR for Ehrlichia spp. and Anaplasma spp., 11 samples showed high similarity to Ehrlichia spp. and Anaplasma spp. by sequencing analyses of the partial 16S rRNA gene. Nearly complete 16S rRNA genes were successfully amplified in 5 of 11 positive cases, but failed to be amplified in the remaining six cases. DNA sequencing and BLAST analysis of five cases showed that all (LC012811-LC012813, LC012817 and LC012818) were derived from A. bovis (99-100% homology with HM131218). The prevalence of Ehrlichia/Anaplasma and A. bovis was 1.5% (11/722 dogs) and 0.7% (5/722 dogs), respectively. Ehrlichia or Anaplasma infected dogs were also mainly observed in the central and western parts of Japan (Fig. 1) . Simultaneous infection with H. canis and A. bovis was observed in a dog, but this dog had no clinical signs associated with hepatozoonosis or anaplasmosis.
In a previous study, an epidemiological survey in dogs of Japan was performed using ELISA to detect antibody against B. gibsoni, and the prevalence was reported to be 10.6% [12] . Another survey using ELISA and PCR by Miyama et al. showed that the prevalence of B. gibsoni was 30.4%, but most of the positive dogs were fighting dogs [14] . In the present study, the prevalence of B. gibsoni was 2.4%. This rate was lower than those in the two previous studies [12, 14] . These differences might be owing to differing inclusion criteria and detection methods. Previous studies included only outdoor dogs or dogs with clinical signs suggesting Babesia infection [12, 14] . In addition, fighting dogs were not included in the present study. Although B. gibsoni is generally transmitted by ticks, direct blood contamination during fighting can also be an important transmission route among fighting dogs [14] . Bite wound by other dogs is uncommon event in domestic companion dogs. In addition, serological examination was conducted in the previous studies, but not in this study [12, 14] . Our PCR-based strategy could only detect the circulating pathogen derived DNAs, whereas a serological survey is able to detect the previous infection by finding antibody responses. This would be another reason for the lower B. gibsoni infection rate in this study.
In the present study, the geographical distribution of B. gibsoni was limited to the western part of Japan. A similar trend was observed in a previous study [12] . It is plausible that no remarkable change in geographical distribution of B. gibsoni in domestic dogs has occurred over the last decade in Japan, but it is still critical to carefully consider its possible expansion. It was noteworthy that B. odocoilei-like species was detected from a dog. The only known hosts of B. odocoilei are deer and musk [18] . This Babesia species causes the disease in immune-compromised animals [7, 15] . In Japan, B. odocoilei-like species have been isolated from ticks collected from dogs in Akita and Fukui Prefectures [11] . The B. odocoilei-like species detected in this study was closely related to the tick-derived isolate. This finding may suggest that B. odocoilei-like species has the potential to infect dogs and can be transmitted by ticks like other Babesia species. The pathogenicity of B. odocoilei-like species in dogs remains unclear, because the dog with B. odocoilei-like species in this study did not exhibit any clinical signs. Further investigation might be necessary to clarify the pathogenicity of B. odocoilei-like species in dogs.
To our knowledge, the present study is the first epidemiological survey of Hepatozoon spp. in dogs throughout Japan. A previous study reported the prevalence of Hepatozoon spp. in hunting dogs, but was conducted in limited areas, such as the islands and peninsulas of Japan [4] . Other information about canine hepatozoonosis in Japan is limited to case reports of dogs with acute onset of hepatozoonosis in Kagoshima and Yamaguchi Prefectures [9, 17, 19 ]. Our study indicated that H. canis was distributed in Tohoku area in addition to western and central parts of Japan. Our results may serve as a baseline for the prevalence and geographical distribution of H. canis in domestic dogs in Japan.
In the present study, Ehrlichia spp. or Anaplasma spp. was found in 1.5% of examined dogs. A previous epidemiological survey showed that 1.1% of dogs were infected with A. bovis [16] . Another study found Anaplasma platys in 7.5% of dogs in Okinawa Prefecture [8] . In this study, the species of Ehrlichia spp. or Anaplasma could be determined in only 5 out of 11 PCR positive cases, and all of them were A. bovis. No A. platys infected case was found. Although the prevalence of A. bovis in this study was comparable to the previous study at least, its geographical distribution was different [16] . While A. bovis was mainly detected in western part of Japan in the present study, a previous study found it in other areas of Japan as well although more cases were detected in western Japan [16] . This discrepancy might be due to a sample size. While we collected 722 samples from 42 prefectures, a previous study analyzed 1,427 samples from 32 prefectures [16] . Samples used in this study might have been collected from geographically wider regions, however, we should have collected more samples in each prefecture. Furthermore, we have to analyze a possible prevalence of Ehrlichia spp. or other Anaplasma spp. in the future, because we do not know the specific species in remaining 6 PCR positive cases.
In this study, a molecular epidemiological survey of tickborne pathogens in dogs throughout Japan was conducted. This is the first report of infection of B. odocoilei-like species in a dog and the first report on geographical distribution of H. canis covering all of Japan. Our findings may serve as a baseline for the prevalence and geographical distribution of tick-borne pathogens in molecular based survey for domestic dogs in Japan.
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